Zr is a beta plus and electron capture decaying radionuclide. This paper presents: (1) Absolute standardization by the 4πβ(PC)-γ coincidence method: a new equivalent decay scheme, the mathematical formalism applied to it and the choice of the optimal measurement conditions. (2) Measurements by HPGe gamma-ray spectrometry, to determine the possible impurities, to measure the activity and the relative intensities of the emitted gamma rays.
Introduction
The radionuclide 89 40 Zr has some physical-nuclear and chemical properties [1, 2] which recommend it to be used for positron emission tomography-computer tomography (PET-CT). 89 Zr is obtained in medical cyclotrons, via protons or deuterons' reactions [3, 4] ; protons' energy is 9-14 MeV, and maximum yield of 58 MBq μA −1 h −1 .
The establishment of a metrological traceability chain, starting with the absolute standardization of solution, is necessary, as the calibrators' dial settings used in hospitals, calculated by their producers, can led to differences superior to 10%, when compared with gamma-ray spectrometry measurements [5] . This paper presents the establishment of its traceability metrological chain in our laboratory, by the absolute standardization of solution and two relative methods. The theoretical basis of the used methods, as well as the experimental procedures and obtained results are described. 89 Zr is an emerging PET radionuclide and no many published data on its standardization are to be found in literature. It was recently standardized at Centro de Investigaciones Energéticas Medioambientales y Technológicas (CIEMAT), Spain, [6] by 4 methods: liquid scintillation counting, by LSC-TDCR and LSC/CIEMAT, NIST; 4πβ (PPC)-γ, coincidences, using a pressurized proportional counting and a HPGe crystal as detectors; well type NaI(Tl) crystal, 4πγ method. Another paper, presented at the ICRM 2019 Conference, Salamanca, Spain, reports the standardization performed at National Physical Laboratory (NPL), UK [7] .
Theoretical basis of the methods

Absolute standardization of solution by the 4πβ(PC)-γ coincidence method
Principle and mathematical formalism of the coincidence method
As it is well known, the method consists in the use of a set up containing a beta, usually a proportional counter (PC), and a gamma ray, NaI(Tl) crystal, as detectors, the measurement of counting rates on the two channels and of their coincidences. Applying the extrapolation technique, the general coincidence equations connecting the counting rates: N β , N γ , N c , and activity N 0, can be written as [8] .
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Expression (1) is valid when all the emitted radiations from beta and elecctron capture decays are counted in the PC; it becomes
The situation is different for positron emitting radionuclides, where the relation
, and its value must be calculated, according to the decay scheme and chosen experimental conditions. Based on the published decay scheme from BIPM Monographie-5 [9] , an equivalent decay scheme, presented in Fig. 1 , was drawn.
According to this equivalent decay scheme, the emitted radiations are. Beta-ray channel: positrons, with mean energy 395.7 keV, intensity a 1 = 0.228(3), coincident with 511 keV annihilation rays; Auger electrons and x-rays (X, A), maximum energy 17.04 keV, a 3 = 0.0105(3), coincident with 1745-2622 keV γ-rays and (X, A) with a 2 = 0.762(3), without coincidences; monoenergetic conversion electrons, with mean energy 900 keV, b = 0.0084, without coincident radiations. Gamma-ray channel: 511 keV quanta, intensity 2a 1 = 0.456 (6), coincident with positrons, 1745 -2622 keV γ-rays (denoted in equations as 1700 keV γ-rays) coincident with (X, A) radiations, and 908.97 keV γ-rays, intensity c = 0.9903(2), without coincident radiations in the PC.
From these data one can suggest to choose the optimal measurement conditions as follows: On the beta channel only positrons are counted, similarly as used in the paper [10] ; high energy conversion electrons, which are not in competition with positrons, are also counted. A discrimination threshold of minimum 17 keV must be imposed, to avoid counting (X, A) radiations; obviously, a drastic
diminution of the positrons' efficiency β+ is expected, while the high energy conversion electrons' efficiency will remain constant at ce ≈ 1 . Coincident and noncoincident gamma rays will also be counted involuntary in the beta counter. On the gamma channel one measures a narrow region around the 511 keV annihilation full absorption peak (FAP), avoiding as much as possible the influence of the 909 keV and higher energy radiations, which can not be totally avoided in counting, as their Compton component is superimposed on the 511 keV FAP, and their influence must be calculated. According to these measurement setting recommendations, the coincidence equations can be written as:
In Eqs. (2) , the influences of the gamma-rays in the PC are designed as ε β511 , ε β909 , ε β1700 and efficiencies in the NaI(Tl) crystal, as ε γ511 , ε γ909 , ε γ1700 .
Due to the long life of the isomer level at 909 keV, pulses of the conversion electrons are not lost during the PC imposed dead time, θ = 10 μs, as the half life of the metastable level is 15.84 s, and the corrective factor [11] is e − = e − 0.693 15.84 ×10 −5 = e −4×10 −7 ≈ 1. The fficiency relation, calculated from expressions (2), is:
One observes from relation (3) that an important difference between the experimentally accessible quantity N c /N γ and β+ occurs. The coincidence relations become: Relations (3) and (4) require the precise determination of the corrective terms:
PC contributions: ε β909 ≈ ε β1700 = 0.0025, from previous measurements for other radionuclides.
Gamma channel corrections, due to 909 keV and 1700 keV radiations. Their values depend on the width of the 511 keV FAP counting window. The results obtained in the measurement of 124 I, in similar conditions [12] , can be used. Choosing a narrow counting energy window, between 450 keV and 520 keV, from the values determinated for 124 I, performed using standard sources of 18 F and 124 I (511 keV), 137 Cs (662 keV) and 60 Co (1250 keV, the mean value of 1173 keV and 1332 keV), the following values were obtained: 2 × ε γ511 = (0.05467 ± 0.00110); ε γ661 = 0.0051; ε γ1250 = 0.00327. The 909 keV energy is close to the 956 keV, which represents the mean value of 662 keV and 1250 keV, and one may consider: γ909 ≈ γ956 = 0.0051+0.00327 2 = 0.0049 and γ909 2 γ511 = 0.0766 ; u = 0.0038.
The efficiency ratio for the 1700 keV γ-rays can be taken as half of γ909 : γ1700 The activity value is calculated from extrapolation expression (6) as:
Theoretical response (efficiency) of the ionization chamber, secondary standard
The Radionuclide Metrology Laboratory (RML) of IFIN-HH disposes of a well-type ionization chamber, type CENTRONIC IG12/20A, operated with an electrometer Keithley 6517A. The chamber was calibrated at Physikalisch Technische Bundesanstalt (PTB), Braunschweig, Germany, and in IFIN-HH with standard solutions, some
of them used within our participation in CIPM-MRA Key Comparisons, IAEA and EURAMET comparisons. The sets of efficiency values found in the two laboratories are in a very good agreement [13] . It is possible to calibrate the chamber (determine its response) for other new radionuclides, by: (1) experimental calibration using standard solutions, as it will be presented further; (2) calculation of the response (efficiency) by least square modelling from measured radionuclides, or by Monte Carlo simulations of the interaction of radiations emitted by the source; (3) combination of both methods, such as is done at BIPM [14, 15] .
Calculation of the efficiency for CENTRONIC IG12/20A ionization chamber by linear least square modelling for 89 Zr was based on the experimental calibration for other radionuclides [13] and the equivalent decay scheme presented in Fig. 1 . The general formula written by Schärder [16] was used, where the chamber efficiency N is expressed in units of pA·MBq −1 .
β and i E i are the efficiencies for β and γ-rays, corresponding to the energy E i , expressed in units of pA × 10 −6 ; p β and p i E i are emission intensities.
Efficiency i E i calculation for gamma-rays. An efficiency relation was deduced using the experimental calibration factors of: 131 I, 133 Ba, 137 Cs and 54 Mn [17] .
Efficiencies for beta and other gamma-rays were calculated in a similar way, using also data from standardization of 124 I, 64 Cu, 68 Ga and 18 F [12, 17, 18] . The individual radiation's values to be used in formula (8) are presented in Table 1 .
From Table 1 and relation (8), the γ -ray efficiency of 89 Zr is: ( N ) γ = 34.694 pA MBq −1.
Calculation of the efficiency to electrons. The electron spectrum, interacting by bremsstrahlung with the chamber walls, is composed of positrons and conversion electrons. A mediated electrons' spectrum with energy 420.8 keV and intensity 23.6% results. β was calculated from [10, 17] by interpolation of the responses to positrons of 824 keV, emitted by 124 I, β (824) = 1.24 pA × 10 −6 , and that of 351 keV, emitted by 68 Ga: β (351) = 0.46 pA × 10 −6 ; an electron efficiency of β (421) = 0.58 pA × 10 −6 resulted, and the electron 89 Zr efficiency is: ( ) β = 0.137pA MBq −1 .
Total efficiency of the chamber is: N = (34.694 + 0.137) pA MBq −1 = 34.83 pA MBq −1.
Uncertainty.The efficiency for the 511 keV quanta was verified for 18 F, 64 Cu and 68 Ga, with a good agreement of calculated efficiencies with determined responses, as Table 4 . The combined standard uncertainty ca be estimated as 3.5%.
The calculated efficiency for 89 Zr is: N = (34.83 ± 1.22) pA MBq −1.
Experimental work
Master solution and preparation of sources and solutions for standardization
The solution, as radiochemical product, was produced by BV Cyclotron VU-Campus VU University Medical Centre in Amsterdam, (www.cyclo tron.nl) and delivered by PerkinElmer, as 89 Zr carrier free in 1 mol/L oxalic acid, in a 2.0 mL vial. The certified radioactive concentration was 1287.3 MBq mL −1 , on 5.11.2018, 12:00 CET.
Two successive dilutions, d 1 and d 2 , were made from this solution, using a 1 N solution of oxalic acid, with dilution factors: f 1 = (11.755 ± 0.012) and f 2 = (26.744 ± 0.027), respectively. Eight sources, on VYNS films for absolute standardization, and a P6 type vial, with mass M = (5.2274 ± 0.005) g for the calibration of the ionization chamber, were prepared from solution d 2 ; a new dilution, d 3 , with f 3 = (2.0969 ± 0.002) was also made and an additional VYNS source was prepared from it. The solid sources were redissolved in distilled water and dried again under an infrared lamp, to improve their efficiency (mitigate selfabsorption).
Absolute standardization of the solution
The 4πβ (PC)-γ coincidence setup, shortly described in the paper [11] , was used. On the beta channel a HV of 3250 V and an electronic A = 90 amplification were applied. A discrimination threshold of 17 keV was imposed, to eliminate the contribution of the characteristic 89 Zr x-rays. On the gamma channel, a HV of 700 V and electronic A = 5 were used and a counting window from 450 keV to 520 keV was chosen. Beta threshold extrapolations were performed for all nine measured sources starting from the threshold value of 17 keV; all extrapolations were linear. Foil absorbers, at the constant threshold of 17 keV, were also used for efficiency variation. The final activity values were calculated as the arithmetic mean of threshold extrapolation and foil measurements.
Measurements by the HPGe gamma-ray spectrometry method
One of the VYNS prepared sources was measured in the gamma-ray spectrometric system, for three reasons: to detect possible impurities, to measure activity by an alternative relative method, and to measure the relative emission intensities of the gamma-rays. The spectrometric system is composed of a HPGe detector, digital gamma-ray spectrometer, graded shielding (lead (10 cm thick) and foils of tin and copper-each of 1 mm thick) and dedicated software for spectra acquisition and processing. The main characteristics of the type p coaxial detector used are: Ge crystal of 59 mm diameter and 46 mm length; end cap made of Aluminium (70 mm diameter), with a window thickness of 1.3 mm; relative efficiency 29%; FWHM: 1.72 keV (1332 keV) and 0.84 keV (122 keV); peak-to-Compton ratio: 62:1. The spectrometer was calibrated in the energy range of interest with 60 Co, 133 Ba, 137 Cs and 152 Eu standard sources, produced by the Radionuclide Metrology Laboratory from IFIN-HH; the average efficiency calibration uncertainty was about 2.3%. The net area of the full absorption peaks was determined within the spectra acquisition software, after setting the corresponding regions of interest in the spectrum. The measurement was performed placing the source in a plastic support, the distance from the source to the detector being 2.6 mm. The obtained spectrum is presented on Fig. 2 . The main FAP, at 909 keV, is colored in red.
No impurity was detected, above the detection limit of 0.01%. The measurement of activity was made on the 909 keV FAP, with a high dead time correction, about 15%, and a 4000 s live time; no coincidence summing correction was applied, because this radionuclide is not yet included in the databases of the specific software used by the laboratory to compute this type of corrections. As only about 1/10 4 of the most important emitted x-rays (low energyabout 15 keV) are passing through the detector window and the other gamma-rays have weak emission intensities, it is expected that the coincidence summing correction for the 909 keV photons is close to 1. Consequently, a new component was added in the uncertainty budget of the activity (relative uncertainty estimated at 1%). The calculation procedure was described in detail in a previous paper [11] . The relative emission intensities of gamma-rays were determined taking the 908.97 keV radiation as reference, with an intensity of 100; the measured intensities of the other γ-rays were reported to it.
Experimental calibration of the ionization chamber CENTRONIC IG12/20A
The P6 vial with M = 5.22474 g, prepared from the standardized solution d 2 , was used. Its total activity was calculated and the ionization current was registered during several days, a mean reference value being calculated. The chamber parameters and procedure are described also in the paper [18] . The experimental calibration factor, F, was calculated as the ratio between ionization current, in pA, and activity in MBq, on the reference time.
Results and discussions
Absolute standardization Table 2 presents the individual extrapolation values, calculated using Eq. (7), individual activities and activity concentration value of sources, on the reference time: 7.11.2018, 14:00 h, Bucharest (UTC + 2) time.
The mean activity concentration is d 2 = 2879 kBq/g; statistical uncertainty ± 21 kBq/g. Evaluation of uncertainties. The uncertainty budget is presented in Table 3 , as components, value and mode of evaluation.
The final result is: activity concentration: d 2 =(2879 ± 58) kBq g −1 of solution on the reference time. The relatively high uncertainty is comparable with that reported in [6], 1.82%, and is due mainly to the positron emission uncertainty and to the important correction for high energy and intensity γ-rays.
Gamma-ray spectrometry measurements
Activity of the source W167, obtained by gammaray spectrometry was N 0 (W167) = (38607 ± 1930) Bq and corresponded to an activity concentration d 2 = 3034 ± 152 kBq g −1 . The uncertainty is higher due to the uncertainty of calibration curve, dead time correction and true coincidence summing correction.
The determined relative emission intensities, I γ rel , computed according to [17] , were compared with the most recent evaluation from Nuclear Data Sheets, paper [19] . The most recent published experimental data for 89 Zr are from 1979. Table 4 presents the obtained values in this paper with their uncertainties, the literature data and their comparison.
Comments: The results from Table 4 agree within their limits of uncertainty (coverage factor k = 1). At high 
energies, the uncertainties of the relative intensities (column 2) are much higher, because the uncertainties of the detection efficiency increase with the extrapolation range of the calibration curve at higher energies than the maximum energy of 1408 keV ( 152 Eu). The estimated emission intensity for the 511 keV gamma-rays was (40.2 ± 2.0) per 100 decays, with more than 10% less than (45.5 ± 0.5) per 100 decays-value based on the positron absolute emission intensity from the evaluation of Singh. The differences between the present work results and those from the evaluation of Singh (2013) might be explained by the fact that no coincidence summing corrections were applied in the computations.
Also, the dead time corrections performed by the spectra acquisition software have influence on the experimental results.
Ionization chamber calibration
The activity of the P6 vial was: A = (15.05± 0.31) MBq and the mean ionization current I = (519.58± 0.09) pA at the reference time. The experimental calibration factor is F = 519.58pA 15.050MBq = 34.52 pA MBq −1 . The combined standard uncer tainty resulted from: uncertainty in activity concentration, weighing and ionization current, and was calculated as: u F = √ 2.03 2 + 0.1 2 + 0.17 2 % = 2.04%. The calibration factor is then: F89 Zr = (34.52 ± 0.76) pA MBq −1 , a value of only 0.88% smaller than the calculated efficiency. Table 5 presents the comparison between calculated efficiencies and determined calibration factors for several positron emitters.
Comparison of all standardization methods
Taking the coincidence method as reference, one can compare this result with the values obtained by gamma-ray spectrometry, ionization chamber using the calculated efficiency Cu, [17] 6.25 ± 0.21, u c = 3.4% 6.302 ± 0.099, u c = 1.6% − 0.83 68 Ga, [17] 32.06 ± 1.02, u c = 3.5% 31.81 ± 0.19, u c = 0.60% + 0.79 124 I, [12] 32.65 ± 1.14, u c = 3.5% 32.11 ± 0.45, u c = 1.4% + 1.68 N , and the value certified by PerkinElmer, on the reference time. The results are presented in Table 6 .
Comment. Excepting the PerkinElmer value, for which no uncertainty is reported, results agree within uncertainties. The coincidence result is in between the others, in good agreement with that of ionization chamber. The difference between γ-ray spectrometry and commercial method measurement is 13.2%, in line with the assertion from paper [5] .
Conclusions
• 89 Zr activity was measured by three different methods: 4πβ (PC)-γ coincidences, γ-ray spectrometry and ionization chamber; basic formulae and methods were established for each method. • The absolute standardization proved to be necessary in the establishment of the metrological traceability chain for this new radionuclide in nuclear medicine. Drawing an equivalent decay scheme, writing coincidence equations, choosing adequate measurement conditions and application of important corrections, allowed to obtain an uncertainty comparable with literature data. • Relative emission intensities of gamma-rays were determined by gamma-ray spectrometry, in agreement with the most recent nuclear data evaluation published in Nuclear Data Sheets, but future measurements with lower uncertainties are needed. • The CENTRONIC IG12/20A ionization chamber was calibrated; the calculated efficiency was very close to the measured calibration factor. • Comparison of all measurement methods was carried out, the results agreeing within their uncertainties.
